Background and purpose -High primary stability is important for long-term survival of uncemented femoral stems. Different stem designs are currently in use. The ABG-I is a well-documented anatomical stem with a press-fit design. The Unique stem is designed for a tight customized fit to the cortical bone of the upper femur. This implant was initially developed for patients with abnormal anatomy, but the concept can also be used in patients with normal femoral anatomy. We present 5-year radiostereometric analysis (RSA) results from a randomized study comparing the ABG-I anatomical stem with the Unique femoral stem.
Small and similar amounts of micromotion in an anatomical stem and a customized cementless femoral stem in regularshaped femurs
A 5-year follow-up randomized RSA study Mona Nysted 1 , Olav A Foss 1,2 , Jomar Klaksvik 1 , Pål Benum 1,2 , Kristin Haugan 1 , Otto Schnell Husby 1 , and Arild Aamodt 2, 3 High mechanical stability is a crucial factor for correct performance of uncemented femoral stems. Micromovements along the implant-bone interface may prevent ingrowth of bone to the surface of the prosthesis, and it may lead to the formation of a fibrous membrane and eventually to loosening of the implant. The critical thresholds of micromovements that can be tolerated are not exactly known, but they are probably dependent on both patient-and implant-specific factors (Viceconti et al. 2006) . It has been shown, however, that interfacial motion of around 40 μm leads to partial bone ingrowth whereas motions exceeding 150 μm completely prevent ingrowth of bone (Pilliar et al. 1986 , Jasty et al. 1997 .
Uncemented, customized femoral stems are mainly designed and manufactured for patients with abnormal size and shape of the proximal femur, but this does not preclude their use in patients with regular-shaped proximal femurs. The requirement for maximum primary stability with uncemented off-theshelf stems also applies to customized stems. The optimized fit and fill of a customized stem should theoretically promote even better mechanical fixation than with standard implants.
Radiostereometric analysis (RSA) enables measurement of migration and rotation in the range of 0.1 mm and 0.05º, respectively (Selvik 1989 , Kadar et al. 2011 . There is a correlation between postoperative migration of femoral stems and early loosening (Freeman and Plante-Bordeneuve 1994 , Linder 1994 , Karrholm et al. 2006 , Karrholm 2012 . On the other hand, a new implant showing large degrees of micromovement should not necessarily be regarded as having a performance equivalent to long-term failure (Karrholm et al. 2006) . Recently published studies reporting medium-to longterm RSA results will probably contribute to a better understanding of the topic (Nieuwenhuijse et al. 2012 , Rohrl et al. 2012 .
This randomized study was performed as part of the clinical documentation of the Unique customized stem (Scandinavian Customized Prosthesis (SCP), Trondheim, Norway), to compare the migration pattern of the Unique stem with that of a standard anatomical uncemented stem with a clinically wellproven stem design (the ABG-I).
Our aim was to measure migration of the Unique customized stem and the ABG-I stem using RSA. Our hypothesis was that there would be no difference in migration between the 2 types of uncemented femoral stems in patients with regular anatomy in the upper femur.
Patients and methods
From January 1999 through April 2001, patients less than 65 years of age with primary or secondary osteoarthritis were prospectively included in the study. Those with dysmorphic anatomy in the upper femur who were therefore less well suited for a standard femoral arthroplasty were excluded. We defined dysmorphic anatomy as extremely narrow or wide intramedullary cavity, angular deformity in the upper femur, or highly abnormal anteversion of the femoral neck. Patients were recruited in the outpatient clinic at the Department of Orthopaedic Surgery, Trondheim University Hospital. A trial coordinator performed a block randomization with sealed, opaque envelopes. The envelopes were opened in the outpatient clinic after the patients had signed the informed consent document. 100 hips were randomized to receive either the Unique uncemented, customized femoral stem or the anatomical ABG-I stem (Stryker-Howmedica, Allendale, NJ).
4 experienced surgeons performed all the operations, with the patient in lateral decubitus position and a direct lateral approach. All the patients received antibiotic prophylaxis for the first 24 h and low-molecular-weight heparin for the first 14 days. The postoperative rehabilitation protocol was the same in both groups. All patients were allowed full weight bearing immediately after surgery, but they were advised to use 2 crutches for 8 weeks.
The patients were clinically evaluated according to the Merle d'Aubigné (MdA) score measuring joint mobility, pain, and ability to walk. Additionally, all patients reported pain on a visual analog scale, rating it from 0 (no pain) to 10 (unbearable pain). Satisfaction was rated on a scale from 0 to 10, with 0 meaning a high degree of satisfaction. These evaluations took place after 3, 6, 12, 24, 36, and 60 months.
Both types of stems were made of titanium alloy (Ti6Al4Va) with a modular head and no collar (Figure 1 ). They are both undersized distally to avoid endocortical contact. The custom design of the Unique stem is based on CT-scans of the proximal femur. Using a semiautomatic computer algorithm, closed contours are generated along pixels on the scans representing a CT density of 600 Hounsfield units (HUs). Then, a computer model of the stem is generated before manufacture, using a computer-aided milling technique. The stem is downscaled by 0.75 mm in diameter to take account of the partial volume effect on the CT-scans (Aamodt et al. 1999 (Aamodt et al. , 2001 . It is covered by a circumferential plasma-sprayed hydroxyapatite (HA) coating on its proximal two-thirds. The layer is 50 μm thick with a crystallinity of 62%; distally, the stem is unpolished and has a roughness of 2.5 μm. Hip joint mechanics are optimized by offering individualized neck offset, anteversion, and length.
The ABG-I stem has an anatomical press-fit design with plasma-sprayed HA layer with a macro-relief surface on the proximal third. The HA layer has a thickness of 60 μm and a crystallographic composition of 98-99% at the metaphyseal level. The cervical-diaphyseal angle is 135°.
The uncemented Duraloc component was used on the acetabular side (DePuy, Leeds, UK), except in 1 patient who received the cemented Elite Plus Ogee cup (also DePuy). 100 hips were randomized ( Figure 2 ). 4 patients (4 hips) in the ABG-I group were excluded, 2 due to delay of the operation and 2 because they missed the postoperative RSA examinations. 6 patients, 3 in each group, were enrolled for staged bilateral arthroplasty; however, we later excluded the last-operated hip in each of these patients to maintain independence of data. 90 patients (57 women) were finally included (90 hips) ( Table 1) . 10 of these patients were lost to 5-year follow-up, resulting in 39 patients in the ABG-I group and 41 patients in the Unique group. Those who were excluded due to high condition number were still part of the clinical evaluation.
A marker-based RSA system was used (UmRSA version 5.0; RSA Biomedical, Umeå, Sweden) to measure the rotations and translations of the stems. Tantalum markers were embedded into the upper femur during the operation, 5 in the greater trochanter and 4 in the lesser trochanter region. The manufacturers attached the tantalum markers to both types of stems. The ABG-I had 3 markers: 1 at the medial side, 1 at the tip, and 1 at the shoulder of the prosthesis. In the Unique stems 1 marker was attached to the medial side of the neck, 1 at the shoulder, and 1 at the tip of the prosthesis. The reference RSA examinations were carried out within 7 days postoperatively, after weight bearing, then follow-ups were carried out after 3, 6, 12, 24, and 60 months. The micromovements of the stem were measured as rotations around and translations along 3 orthogonal axes. The precision values were calculated according to current recommendations (Ranstam et al. 2000) . Double examinations were carried out on 30 hips at the 5-year followup. The patients were repositioned between the examinations. Secondly, the standard deviation (SD) of the differences with respect to zero was calculated. The precision was then calculated using the formula:
2.042
where P = precision, x = the difference between double examinations, n = 30, and 2,042 represents the critical value in a 2-sided 95% t-distribution for a sample size of 30.
Examinations with a condition number (CN) of < 150 and a mean error of < 0.35 mm were included. 8 RSA scenes were excluded due to high condition number (Figure 2 ).
Statistics
The 6 motion outcome variables (dependent variables) were continuous. The dataset had 5% missing data with no consecutive replacement of missing values (Heck et al. 2010 ). Q-Q plots were used to test whether data were normally distributed. The motion data were not found to be normally distributed and they were therefore presented as box plots. The 95% confidence intervals of the medians were calculated by bootstrapping, BCa 1,000 iterations. Linear mixed models (IBM SPSS Statistics, version 20) were used to compare migrations between the 2 groups of prostheses. Baseline characteristics were not included in the models. Each of the 6 movements was analyzed separately holding the type of prosthesis as a factor and time as covariant. Initially the 5 other movements were included as covariates. Statistically non-significant covariates were removed to identify the most parsimony models (Cheng et al. 2010) . Toeplitz covariance structure was chosen in level 1 (patients' measured repeatable by time) to account for data covariance within each patient. Akaike's information criterion was used in model comparisons. The level-1 residuals were found to be normally distributed in all 6 models. The level of statistical significance was set to p < 0.05. The statistical analyses were done using IBM SPSS Statistics, version 20.
Ethics
The study was approved by the Regional Ethics Committee (No. 70-98) and it was carried out according to the tenets of the Helsinki Declaration (version 4).
Results
There were no statistically significant differences in motion between the 2 types of stems ( Table 2 ). The median subsidence (translation along the y-axis) was -0.03 mm for the ABG-I stem and -0.13 mm for the Unique stem (Figure 3) . The median retroversion (rotation around the y-axis) was 0.15º for the ABG-I stem and -0.08º for the Unique stem (Figure 4 ). 1 stem in the Unique group subsided 5.3 mm within the first year, and then it stabilized. Further examinations showed no signs of loosening, either radiographically or clinically. Figures 3-8 show all 6 movements for the total time period up to 5 years. Time as a factor was statistically significantly related to the following 4 movements: translation along the y-and z-axis and rotation around the x-and z-axis.
The mean preoperative Merle d'Aubigné score was 11 (7-14) in the ABG-I group and 10 (6-13) in the Unique group. After 5 years, the mean score was 17 (13-17) in both groups. Preoperatively, the mean score for pain was 6.5 in both groups. After 5 years, the mean pain reported was 1.1 in the ABG-I group and 1.0 in the Unique group. Regarding the mean value on the satisfaction scale, after 5 years it was 1.1 in the ABG-I group and 0.7 in the Unique group. None of the hips were revised during the study period, but 5 patients had complications. In the ABG-I group, 2 patients had a deep venous thrombosis and 2 patients had an early dislocation. In the Unique group, 1 patient had a common peroneal nerve dysfunction.
Discussion
Because some uncemented femoral stem designs had inferior survival 15-20 years ago, a group of orthopedic surgeons and engineers at our hospital adopted the concept of customization of the implant. The theory was that an individually designed femoral stem would achieve increased mechanical stability and more physiological bone remodeling around the stem, and thus a longer clinical survival. This stem is commercially available, but is more than twice as expensive as a regular stem. The present study is part of the stepwise and comprehensive documentation of this particular prosthesis, involving both experimental and clinical studies (Aamodt et al. 1999 , 2001 , Benum and Aamodt 2010 We found a small and similar degree of micromotion in the ABG-I stem and the Unique stem. Time was a statistically significant factor for 4 of the 6 movements, but the motions were small. Thus, both groups of stems must be regarded as stable. The more extreme fit and fill concept of the Unique stem did not improve the stability of the stem compared to that of a standard anatomical stem when implanted into regular-shaped femurs. Possible effects of the individual-based neck geometry were not investigated in the present study.
Several factors are required to achieve stable uncemented femoral stems and to facilitate bone ingrowth. In vitro studies of micromotion have revealed that proximal fit is important for rotational stability (Pilliar et al. 1986 , Burke et al. 1991 , Callaghan et al. 1992 , Ostbyhaug et al. 2010 . It is recommended that titanium femoral stems with proximal HA coating should have good metaphyseal fit and fill to achieve initial biological fixation (Jaffe and Scott 1996) .
The anatomical ABG-I stem is based on the principle of proximal fit and fill. Several authors have reported good results for the stem (Tonino et al. 1995 , Giannikas et al. 2002 , Rogers et al. 2003 , Bidar et al. 2009 ). Regarding stability, when evaluating stability related to weight bearing after total hip arthroplasty, Thien et al. (2007) found that the ABG-I stem was stable both for subsidence and rotation. On the other hand, the anatomical stems require regular anatomy in the upper femur to be insertable. The best results for the ABG stem have been reported for femurs with a regular or stovepipe shape (van der Wal et al. 2008) . Patients with a champagneflute femur (Dorr type A) showed a high degree of tight distal fit and loose proximal fit; thus, the anatomical design of the ABG stems might cause problems for patients with non-conformity femurs (Dorr et al. 1990) .
Early reports regarding stability and clinical performance of smooth, uncemented customized stems had varying results. 3 studies dealt with clinical results of the Identifit stem (Depuy), which was machined intraoperatively based on a mold of the femoral canal. Importantly, none of these stems had any form of surface coating or texture, which may have contributed to the high failure rate of this particular type of customized stem. At 2-year follow-up, 65% of the Identifit stems had subsided more than 2 mm and 27% had migrated into varus (Robinson and Clark 1996) , and a 6-month follow-up study found that 73% of the stems had subsided by more than 2 mm (Mathur et al. 1996) . A smooth optimal canal fit and fill design appears to be inadequate for gain of stability, leading to 28% failure of this customized stem design within 2 years of surgery (Lombardi et al. 1995) .
Hydroxyapatite-coated customized femoral stems, produced with CAD/CAM technique and based on 3-D CT-scans of the patient's femur, have shown better results-both clinically and radiographically (Wettstein et al. 2005, Koulouvaris al. 2008, Benum and . In the latter study of the Unique stem, no aseptic loosening was found in 83 hips at 10-year follow-up. We are aware of only 1 other study that has evaluated the in vivo stability of the Unique stem. In that study, the Unique stem was compared to a standard cemented stem (the Elite Plus) (Grant et al. 2005) . At 2 years, the stems in both groups were stable with a mean migration of less than 0.18 mm, which is in accordance with our results. The cemented arthroplasty moved 1.05º into retroversion compared to 0.01º for the Unique stem, which was a statistically significant difference.
We realize that our study had some limitations. The Unique stem was primarily designed for patients with deviant anatomy; the results of this study may not be valid for such patients. The ABG-I and the Unique prostheses differed regarding the extent of HA coating. The ABG-I prosthesis has an HA layer on the proximal third while on the Unique stem, the HA coating covers approximately two-thirds of the device. The difference in level of coating did not affect the results regarding stability.
Despite randomization of the patients, there was a striking difference between the groups regarding diagnosis. However, we do not believe that the higher number of dysplastic hips in the ABG group would have a substantial effect on the results because the dysplastic changes were mainly located on the acetabular side, and not on the femoral side.
No statistical power analysis was done before the study. The estimation of sample size was based on the numbers of patients included in similar studies (Karrholm et al. 1994 (Karrholm et al. , 1997 . However, using the results presented in Table 2 combined with the following additional results on standard deviations (y-rotation: ABG-I 0.90, Unique 1.30; z-rotation: ABG-I 0.31, Unique 0.29; and y-translation: ABG-I 0.16, Unique 0.89), retrospective power analyses were performed (G*Power version 3.1.5, University of Kiel, Germany) (α = 0.05, β = 0.80, 2 tails, 2 groups, Wilcoxon-Man-Whitney test). Approximately, subsidence larger than 0.51 mm, rotation greater than 0.99º (translation along and rotation around the y-axis), and varus tilt of more than 0.51º (rotation around the z-axis) would have been recognized as being statistically significant. We therefore believe that relevant clinical differences would have been detected with the number of patients attending the 60-month follow-up.
An RSA study including patients with abnormal femoral anatomy would only be feasible in a study with a prospective, single-series design. The strength of our study was that we performed a randomized controlled trial evaluating stability in 2 principally different uncemented stem designs with an accurate method. On the other hand, it is a limitation that the study was carried out on patients with normal anatomy of the upper femur while the prosthesis was mainly designed for patients with abnormal hip anatomy.
A study of bone remodeling around the same stem designs that we used revealed that there was a similar amount and pattern of proximal bone loss after 5 years (Nysted et al. 2011) . Götze et al. (2009) compared a customized implant with a conventional implant, with respect to gait analysis as well as clinical and radiographic outcomes.. They did not find improved results in the customized group, and therefore advised against further use of customized stems in patients with primary arthritis, due to the increased cost. We recommend custommade femoral stems as an alternative in cases with substantial anatomical deformities of the upper femur. In normal cases, we suggest that a well-documented standard stem would be the best, most cost-effective alternative.
In a prospective clinical study with 7-10 years of follow-up, the Unique stem performed well both in patients with regular femur shape and in patients with abnormalities of the upper femur (Benum and Aamodt 2010) . Clinical use of the Unique stem in patients with such deformities shows good results. Long-term observation of other outcomes, such as implant survival, are needed to decide whether use of the more expensive customized stem would offer any clinical advantages.
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